The remarkable stability of cell differentiation under normal conditions can be reversed experimentally by nuclear transfer, cell fusion and induced pluripotent stem (iPS) cell technology [1] [2] [3] [4] [5] . This provides an opportunity to generate pluripotent embryonic cells from adult cells of the same individual and hence opens the possibilit y of cell replacement without the need for immunosuppression.
iPS cell technology makes use of the overexpression of transcription factors (FIG. 1a) and has been extensively reviewed, so it is not discussed in detail [6] [7] [8] [9] . To generate entirely unrelated cell types by iPS cell technology, treated cells must be grown for multiple cell divisions over a long period of time (up to 3 weeks). By contrast, nuclear transfer and cell fusion do not involve the overexpression of new genes, and instead make use of natura l components present in eggs and some early embryos to initiate new transcription.
There are two kinds of nuclear transfer experiments: egg-NT involves the transfer of a single somatic nucleus to an unfertilize d enucleated egg (in both mammals and amphibians) 1 (FIG. 1b) ; and ooc-NT involves the transplantation of multiple somatic cell nuclei into the germinal vesicle (the nucleus) of a growing meiotic prophase amphibian oocyte (an immature egg) 10 (FIG. 1c) . Note that the terms egg and oocyte refer to different developmental stages in amphibians and mammals: amphibian eggs are in metaphase II of meiosis, which is equivalent to mouse metaphase II stage oocytes, whereas their immediate precursors, oocytes, are blocked in meiotic prophase I, which is equivalent to mouse germinal vesicle stage oocytes.
There are important differences between the two types of nuclear transfer experimen t. Extensive cell division takes place in egg-NT experiments, and functional new cell types appear as the nuclear transplant embryo develops. By contrast, in ooc-NT experiments, no new cell types are formed, and neither the oocyte nor the introduced nuclei divide, but there is a direct transition from nuclei of differentiated cells to reprogrammed nuclei that transcribe pluripotency genes. Analysis of the mechanism of reprogramming (which involves transcription of pluripotency and other genes) in egg-NT experiments is complicated owing to rapid DNA replication and numerous cell divisions, with little or no transcription at first. By contrast, the only activity of first meiotic prophase oocytes is transcription, with no DNA replication or cell division. The same somatic cell chromatin is directly reprogrammed to express pluripotency genes within a day. Because of this complexity, in this Opinion article we focus primarily on ooc-NT experiment s in amphibians 10, 11 . There are also two kinds of cell fusion experiments. In one, the two nuclei remain separate in the fused cell (a heterokaryon) and cell division is inhibited 12 (FIG. 1d) . In the other, the chromosomes of the fused cells assemble together on a shared mitotic spindle and form a fused nucleus (a synkaryon) 13 . Similarly to egg-NT, reprogramming in synkaryons is hard to analyse because of the cell divisions that follow the fusion of nuclei and cytoplasms. By contrast, heterokaryons allow the description and analysis of the events that accompany the reprogramming of a somatic cell nucleus in the absence of cell division.
An alternative to cell fusion is the exposure of somatic cells to embryonic stem (ES) cell extract 14 . Under these conditions, cell division-dependent reprogramming of gene expression is also observed (FIG. 1e) . This type of experiment is not discussed furthe r in this Opinion article.
Reprogramming can be achieved by stochastic and deterministic mechanisms. What is the difference between the two? We regard a deterministic mechanism as that in which one or more steps are temporally and causally connected with a known initial stimulus (FIG. 2) . By contrast, a stochasti c process is one that is unrelated in any simple way to the timing or sequence of events that cause it to take place. It has been proposed that re programming of somatic cells to iPS cells is stochastic, or at least includes stochastic events 6, 15 . In this Opinion article, we summarize the reasons why we believe that nuclear reprogramming by nuclear transfer and cell fusion experiments depends mainly on deterministic steps. Abstract | Differentiated cells can be experimentally reprogrammed back to pluripotency by nuclear transfer, cell fusion or induced pluripotent stem cell technology. Nuclear transfer and cell fusion can lead to efficient reprogramming of gene expression. The egg and oocyte reprogramming process includes the exchange of somatic proteins for oocyte proteins, the post-translational modification of histones and the demethylation of DNA. These events occur in an ordered manner and on a defined timescale, indicating that reprogramming by nuclear transfer and by cell fusion rely on deterministic processes.
we believe that nuclear reprogramming by nuclear transfer and cell fusion experiments depends mainly on deterministic steps.
Mechanisms of reprogramming
Below, we summarize what is now known about the events that accompany reprogramming in nuclear transfer to eggs and oocytes and in heterokaryon cell fusion experiments. Most of these events are necess ary steps towards successful transcriptional reprogramming.
Early morphological changes. In egg-NT and ooc-NT, and in cell fusion experiments, one of the first manifestations of reprogramming is the extensive swelling of nuclei. For example, mammalian nuclei transplanted into Xenopus laevis oocytes undergo up to a 30-fold increase in volume 16 . This change is reminiscent of what happens to sperm chromatin at fertilization. Chromatin decondensation seems to be a hallmark of reprogramming, as it is observed following nuclear transfer to eggs 17 and oocytes 18 , in cell fusion experiments 19, 20 , and in somatic nuclei exposed to egg extract 21 .
Because nuclear swelling directly correlates with RNA synthesis, these morphological changes reflect increased levels of transcription and successful reprogramming 22 . Indeed, the decondensation of chromatin is followed by an increase in transcriptio n, as measured by active polymerase II loading, bromine-labelled UTP (BrUTP) incorporation or histone H3 trimethylation on Lys4 (H3K4me3), and these changes are seen in almost all nuclei transplanted into oocytes 18, 23 . Nucleoplasmin-mediated decondensation of nuclei before ooc-NT improves gene reactivation, demonstrating the importance of this process for successful transcriptional reprogramming 21 . Similarly, chromatin decondensation precedes gene reactivation following cell fusion 20 .
Changes in chromosomal proteins. The exposure of somatic nuclei to the egg cytoplasm or oocyte nucleus leads to marked changes in nuclear composition. Components of the transplanted somatic nuclear chromatin are replaced by egg or oocyte components. It has been shown that nuclear components of the egg or oocyte are necessary for successful reprogramming following nuclear transfer in both mammalian and amphibian species 11, 16, 24, 25 . Two kinds of replacement can be distinguished. First, oocyte-specific components can displace their somatic counterparts, resulting in a change in the qualitative composition of chromatin (FIG. 3a) . For example, the oocyte-specific linker histone H1foo in mice, or B4 in X. laevis, replaces somatic linker histone types present in somatic nuclei before transplantation 11, 26, 27 (FIG. 3b) .
In nuclear transfer to X. laevis oocyte experiments, this replacement is required for the reactivation of the pluripotency genes oct4 (also known as pou5f1) and Sry-box containing 2 (sox2) 11 . It is likely that other oocyte-specific components also outcompete their somatic counterparts. Of particular importance might be the oocytespecific basal transcription machinery, which is made up of TATA-box-binding protein 2 (TBP2) and TFIIAα/β-like factor (ALF), among other proteins 28, 29 . Indeed, components of the basal transcription machinery start to emerge as important regulators of cell type-specific transcriptional programmes 30 . The second type of replacement is one in which a somatic component is supplemented by the same component from the oocyte, resulting in a quantitative but not qualitative change (FIG. 3a) . This is observed, for example, for chromatin proteins . b | Nuclear transfer to eggs. A single Xenopus laevis (or mammalian) somatic cell nucleus is transplanted to an enucleated X. laevis (or mammalian) egg. In this experimental setting, a large number of cell divisions take place before new gene transcription is initiated. Eventually new cell types and new organisms are generated 1, 5 . c | Nuclear transfer to X. laevis oocytes. Up to several hundred mammalian somatic cell nuclei are transplanted to the germinal vesicle (the nucleus) of a X. laevis oocyte. In these experimental conditions, the nuclei do not undergo cell division and new cell types are not generated. Instead, direct reprogramming of gene expression is triggered by exposure to the oocyte components 10, 11, 16 . d | Cell fusion. A differentiated cell is fused to another cell, such as an ES cell. In the resulting heterokaryon, the nucleus of the differentiated cell is exposed to ES cell factors and is reprogrammed to express stem cell-specific genes 12, 19, 20 . e | Reversible permeabilization and exposure to ES cell extract. Somatic cells permeabilized with streptolysin O can be briefly exposed to ES cell extract and then resealed. After culture of such treated cells, changes in gene expression can be detected 14 .
involved in repression, such as heterochromatin protein 1 (HP1; also known as CBX) and BMI1. These are rapidly loaded onto chromatin from the oocyte stock, replacing and supplementing their somatic counter parts. These changes might seem to be functionally neutral, as the same protein will occupy the same site on chromatin. However, the exchange rate of these proteins is changed, as shown by fluorescence recovery after photobleaching (FRAP) analysis 11, 27 , indicating an increase in chromatin mobility similar to what is observed in pluripotent cells 31 . Oocytes also contain a high concentration of nuclear components that are already present in somatic cells, albeit at lower levels. This is the case for nuclear actin, the polymerized form of which is increased in nuclei transplanted into X. laevis oocytes 32 . These changes in nuclear composition are required for gene reactivation following ooc-NT and contribute to nuclear reprogramming on a defined timescale.
Core histones do not show high levels of exchange during the first few hours following ooc-NT. In general, core histones are relatively immobile in the chromatin of cultured cells when compared with other chromatin components (such as linker histones, high mobility group (HMG) proteins and HP1) [33] [34] [35] [36] . In the case of the core histone H3, only the variant H3.3 is loaded onto chromatin within the first day following nuclear transfer. This process depends on the histone chaperone HIRA and is a necessary step towards transcriptional reprogramming (J.J., C. Astrand, J.B.G. and G. Almouzni, unpublished observations).
The exchange of proteins between nuclei can also be observed in heterokaryon experiments. For example, in human lymphocytemouse ES cell heterokaryons, the ES cell transcription factor OCT4 is loaded onto lymphocyte chromatin 37 , and this is required for transcriptional reprogramming of the lymphocyte. Similarly, structural components of chromatin, such as HMG proteins, are efficiently exchanged between the nuclei of a heterokaryon 38 . Of note, the highly mobile histone H1 is not exchanged between the nuclei of a heterokaryon 39 ; this is in sharp contrast to the highly efficient loading of this component onto nuclei transplanted to eggs and oocytes 11, 26, 27 . One explanation for this discrepancy is that, despite their high mobility and abundance, chromosomal proteins such as linker histone H1 do not shuttle between the cytoplasm and nuclei of a heterokaryon, and this reduces their ability to travel between nuclei 39 .
Histone and DNA modifications. Oocytes and eggs are characterized by the presence of high levels of enzymatic activity directed towards the oocyte and sperm genome to prepare the embryonic chromatin for development 40 . This high enzymatic activity towards chromatin is recapitulated after nuclear transfer. Therefore, reprogramming by nuclear transfer uses the developmental programme that is normally used after fertilization.
For example, the core histones H3 and H4, although not extensively replaced after nuclear transfer, undergo extensive modification, including phosphorylation, methyl ation and acetylation 23, 41 . The timing of H3K4 methylation correlates with pluripotency gene activation. These modifications of histone tails are likely to be the result of the high levels of chromatin-modifying enzymes stored in oocytes 40 .
Eggs and oocytes also possess active DNA demethylation activity, which is a requirement for the transcriptional reactivation of silenced genes (for example, OCT4); this activity is observed after nuclear transfer [41] [42] [43] [44] , as well as in cell fusion to ES cells 45 . Two examples of enzymes that are thought to play a part in active DNA demethylatio n are growth arrest and DNA damageinducibl e 45α (GADD45α) 42 and activationinduced deaminase (AID) 45 . More recently, in mouse eggs and early embryos, the TET enzymes have been shown to help active DNA demethylation by hydroxylating of methylated cytosine [46] [47] [48] . This active process leads to replication-independen t changes in the levels of methylate d cytosine in DNA.
These numerous enzymatic activities of eggs and oocytes that are directed against chromatin are likely to orchestrate the reprogramming events following nuclear transfer.
Transcription. In nuclear transfer experiments, the direct transcriptional reprogramming of pluripotency genes is observed after the initial phase of nuclear swelling and chromatin protein exchange. Typically, reactivation of previously silent genes is detected between 24 and 48 hours after nuclear transplantation 10, 11, 16, 43 . Similar kinetics are observed following mouse ES cell fusion to human lympho cytes 37 or fibroblasts 45 . The oocyte exerts its transcriptional reprogramming activity on a very large scale, not only reactivating pluripotency genes, such as OCT4, SOX2 and NANOG, but also activating, to a certain extent, many different genes that are not actively transcribed in the oocyte 49 . This general increase in transcriptional activity is reminiscent of the genomewide increase in transcription that is observed in ES cells 50 . The occurrence of these transcriptional events is predictable in both timing and extent (all nuclei show changes), supportin g a deterministic nature of the underlying mechanism (FIG. 4) . Moreover, it has now been shown that some of these events are necessary steps towards successful transcriptional reprogramming 11, 32 . reprogramming by nuclear transfer uses the developmental programme that is normally used after fertilization.
Reprogramming efficiency
Nuclear reprogramming can be measured according to several criteria 51 . Its efficiency can be judged by the frequency with which a reprogramming event occurs in a cell population, as well as by the timing of the occurrence of this event. From the use of these particular parameters we can infer a stochastic versus deterministic nature of the process (FIG. 2) , with stochastic and deterministic processes generally having low and high efficiency, respectively.
The efficiency of reprogramming in iPS cells is regarded as low, and therefore more difficult to analyse, because many cell divisions over a long time are required for a minority of cells to show a change in the expression of pluripotency genes 52 . By contrast, in ooc-NT experiments 10, 11 and in some egg-NT studies [53] [54] [55] , the transferred somatic cell nuclei seem to be reprogrammed with high efficiency and on a defined timescale. This view is based on two criteria. First, in ooc-NT experiments, nearly all transplanted nuclei always show incorporation of oocyte chromatin proteins 11, 26, 27 and new transcription after nuclear transfer (see below). Second, differentiated cell nuclei transplanted to oocytes reactivate Sox2 to the level of undifferentiated cell nuclei 11 . This suggests that all the transplanted nuclei are transcriptionally reprogrammed to reexpress this gene. Similarly, in some types of egg-NT experiments, up to 100% of the reconstructed embryos show reactivation of an Oct4 reporter [53] [54] [55] . On the basis of these criteria, it seems that nuclei transplanted to oocytes and eggs are efficiently reprogrammed on a defined timescale and that the changes undergone by each transplanted nucleus are relevant to the reprogramming process. These are characteristics of a deterministic process. Nevertheless, defects in gene expression following nuclear transfer to oocytes and eggs have also been reported in both mice and amphibians, indicating the existence The first identified events following transplantation are the rapid exchange of mobile chromatin components, such as linker histone, heterochromatin protein 1 (hp1) and bmi1. The next step is the incorporation of histone variant H3.3, followed by increased chromatin protein mobility, nuclear actin polymerization, histone H3 Lys4 (H3K4) dimethylation of promoters and reactivation of previously silent genes. The decondensation of chromatin and additional modifications of histone tails (such as phosphorylation) take place throughout the reprogramming period. The mechanistic link between the events of this determined sequence in the reprogramming process is not known.
of mechanisms that restrict transcriptional reprogramming of transplanted nuclei [56] [57] [58] . In this case, reprogramming in egg-NT experiments may depend on stochastic events to release restriction and allow reprogrammin g to occur.
Cell fusion experiments also show high reprogramming efficiency, which is indicative of a deterministic process. In human lymphocyte-mouse muscle cell heterokaryons, nearly all of the human nuclei that have been successfully incorporated into a heterokaryon show active transcription of a muscle marker gene 20 , indicating high reprogramming efficiency. Similarly, heterokaryons formed by the fusion of human cells with mouse ES cells show a high efficiency of reprogramming (as high as 70%), as judged by the percentage both of nuclei showing pluripotency gene reactivation and of the demethylation of the OCT4 promoter 37, 45 ; the time course suggests a defined timescale.
Deterministic or stochastic?
Most of the processes that we understand in normal development are usually thought to depend on deterministic mechanisms. For example, early cell fate decisions, including the induction of mesoderm by vegetal cells (known as Nieuwkoop signalling) and of the neural tube by the mesoderm (known as Spemann signalling), result from the release of signal factors and their binding by receptors on nearby cells. These events take place in a defined sequence, on a precise timescale and with complete efficiency. By contrast, the iPS cell route to reprogramming affects only a small proportion of similarly treated cells, and the derived pluripotent cells appear at irregular time intervals and in an undefined sequence. On the basis of these criteri a, the iPS cell route to reprogramming is thought to include stochastic steps.
Nonetheless, recent data suggest that the initiation of reprogramming through the expression of the Yamanaka factors (Krüppe-l-like factor 4 (KLF4), MYC, OCT4 and SOX2) includes some chromatin changes that are characteristic of a deterministic process. For example, efficient downregulation of somatic gene expression was observed, as was widespread posttranslational modification of histones on the regulatory regions of many of the target genes of Yamanaka factors [59] [60] [61] . We have summarized here the steps so far known to take place during reprogramming by nuclear transfer and cell fusion, focusing on amph ibian ooc-NT studies (FIG. 4) . Reprogramming through ooc-NT in amphibians seems to take place in a defined sequence, and on a relatively short timescale at 17°C (a temperature at which the X. laevis adult, embryo and isolated oocyte can be maintained). We have also emphasized that most of the steps that have been identified are achieved with high efficiency, so that nearly all transplanted nuclei undergo the same change at the same time. We therefore propose that reprogramming by ooc-NT and egg-NT is achieved by a mostly deterministic mechanism. We suggest that this may also be true of hetero karyon cell fusion experiments. The deterministic nature of the events for oocyte and egg reprogramming probably depends on two characteristics of these cells. One is that oocytes are endowed with an exceptionally high concentration of
Box 1 | Combinatorial control of gene status and resistance to reprogramming
In general, the more differentiated a cell is, the more resistant it is to the reprogramming process 10, 12, [66] [67] [68] . What is responsible for this resistance to reprogramming? Differences between cell types in resistance to reprogramming could be explained by the presence of different layers of regulation in different cells, which could control the status of a gene. The various repressed states through which the pluripotency gene OCT4 (also known as POU5F1) transits during differentiation of embryonic stem (ES) cells exemplify this phenomenon (see the figure) . During retinoic acid-mediated differentiation of mouse ES cells, Oct4 transcription is first shut down by the replacement of the activator LHR1 with the repressor germ cell nuclear factor (GCNF) on the proximal promoter of the gene 69, 70 and by the remodelling of nucleosome positions 71 . Next, the recruitment of chromatin modifiers, such as histone deacetylase (HDAC) and G9A, contributes to a shift from acetylation to methylation on Lys9 of histone H3 (REFS 72, 73) . Incorporation of repressive histone variants can also take place. Finally, recruitment of DNA methyltransferase 3 (DNMT3) leads to DNA methylation of the gene. Interfering with any of these events during differentiation leads to partial reversibility of Oct4 silencing 72, 73 .
As differentiation of a cell proceeds, the gene states are sealed by combinatorial mechanisms (such as changes in histone modifications, histone variants and DNA methylation). Increasing resistance to nuclear reprogramming may depend on the existence of such combinatorial mechanisms of control 74 . The eggs and oocytes contain components (transcription factors, histone modifiers and chaperone and DNA demethylation complexes) that can, in theory, revert each of the steps involved in gene silencing during differentiation (see the figure; indicated by dashed arrows). The progressive combination of elements added during development to control the status of a gene could be responsible for the overall low efficiency of the reversal process. Alternatively, resistance to reprogramming may be the result of a single event in gene regulation, happening late in the differentiation process, and for which eggs and oocytes lack efficient means of reversal.
AID, activation-induced deaminase; GADD45, growth arrest and DNA damage-inducible 45; HAT, histone acetyl transferase; KDMs, Lys-specific histone demethylases.
components such as B4 histone, H3.3 histone and nucleoplasmin. This accumulation, coupled with a fast exchange rate for chromosomal proteins (in the order of minutes or hours, not days), would account for the observed global-scale exchange of nuclear components following nuclear transfer. This event includes the accumulation of oocyte and egg components that are very permissive to the activity of chromatin-remodelling complexes and that therefore facilitate transcription factor access to their binding sites 62 . Oocytes also have special enzymatic activities, such as histone-modifying and DNA-demethylating enzymes. These activities of oocyte components are likely to be related to the natural reprogramming activities of the egg, which reprogrammes incomin g sperm after fertilization.
It is not yet clear how the reprogramming mechanisms at work in the various available experimental settings are related. In particular, it is not known whether the transcription factors involved in all reprogramming experiments (such as OCT4 and SOX2, which accumulate in eggs, oocytes and ES cells and are exogenously provided to iPS cells) are used in the same way. The stochastic steps of reprogramming through the iPS cell route may depend on random access of these transcription factors to their many targets scattered throughout the genome. This could reflect the decrease in accessibilit y of repressed chromatin that accompanies cell differentiation
. The higher reprogramming efficiency observed through nuclear transfer may rely on the additional activities present in eggs and oocytes that allow better access of these transcription factor s to chromatin.
Nonetheless, some aspects of reprogramming by nuclear transfer are not fully efficient. This is because epigenetic mechanisms ensuring the stability of the differentiated state confer a resistance to these reprogramming activities of the egg and oocyte 74 . Indeed, nuclear transfer can be improved by interfering with the epigenetic state of the donor nuclei, for example their DNA methylation and histone acetylation levels or their expression of non-coding RNAs [63] [64] [65] . One can speculate that the eggs and oocytes are not fully equipped to reverse the effects of specific components that restrict nuclear plasticit y, especially in highly differentiated cells
. In this case, stochastic events may be required to release such a blockage and allow full reprogramming. A deeper understanding of the characteristics of stochastic versus deterministic reprogramming modes may help to design more efficient ways of reprogramming somatic cells to pluripotency. Of particular importance will be the characterization of the mechanisms associated with cell differentiation that restrict the reprogramming process
. Finally, identification of the key steps involved in reprogramming will be facilitated by the deterministic nature of reprogramming by eggs and oocytes. In particular, a better understanding of the mechanistic link between the reprogramming events that are characteristic of nuclear transfer (FIG. 4) will help to define the key steps underlying the reprogramming process.
